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G "
Earthquakes are a manifestation of man's aonsaiousness. Without 
manmade follies^ there could not he earthquakes. In the Eternity 
of Joyj pluralizedj deuvhanized man^ at ease with his gentle tech­
nologies^ will smile and sigh when the Earth begins to shake.
"She is restless tonight^ " they will say.
"She dreams of loving. "
"She has the blues. "
Tom Robbins, 1976
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ABSTRACT
Gary, Steven D., M.S., Spring, 1980 Geology
Quaternary Geology and Geophysics o f  the Upper Madison Valley, 
Madison County, Montana (76 p p . ) /
D irec to r: Anthony Qamar
A geologic and geophysical study o f  the upper Madison Valley 
was undertaken to determine the Quaternary fa u lt in g  h is to ry  o f  
the area.
Gravity modeling o f  the en t ire  Madison Valley shows an approxi­
mate maximum depth o f  the basin o f 3300 m near the mouth o f Ind­
ian Creek. This area corresponds to a northeast-trending l inea ­
ment across the va lley  based on topographic, gravim etric , and 
aeromagnetic data. North o f  Indian Creek, the gentle eastward 
slope o f  the Gravelly Range and g rav ity  modeling suggest tha t the 
va lley  basement is  an eastward t i l t e d  block, downfaulted against 
the Madison Range. South o f  Indian Creek, g rav ity  modeling and 
surface fa u lt in g  suggest tha t the va lley s truc ture  is  a north 
s t r ik in g  graben. Aeromagnetic and geologic data fu r th e r  suggests 
tha t a northeast-trending fa u l t  trough orig inates at the Centen­
n ia l Valley and in te rsects the north s t r ik in g  Madison Valley at 
Missouri F lats. Probable age o f  o r ig in  o f  the Madison Valley is  
set at mid to la te  T e rt ia ry  (Meyers and Hamilton, 1964).
Based on radiometric age dates on the rh y o l i te  tu f fs  in the 
upper Madison Valley, normal fa u lt in g  has been active  in the past 
2 m.y. During pre-Bull Lake, Bull Lake, and Pinedale g lac ia tions 
o f  the Centennial Range, a g lac ia l lake in the Centennial Valley 
drained northward to the Madison River along the trace o f  the 
Hidden and C l i f f  Lake fa u lts .  Continued fa u lt in g  and erosion 
along the fa u lts  formed the canyon which is  now occupied by a 
series o f  four landslide dammed lakes. Since the Pinedale g lac ia ­
t io n ,  the Madison River has cut a series o f  r iv e r  terraces pre­
serving a continuous record o f  north-northeast t i l t i n g  o f  Missouri 
Flats in response to  down fa u lt in g  along the Madison Fault. 
Detailed p ro f i le s  o f  the Madison Fault scarp suggest the fa u lt in g  
events have been on the order o f  1 m or more.
Today microearthquake data suggests tha t l e f t  la te ra l movement 
is  occurring along the Madison Fault. A h is to ry  o f  more earth­
quake a c t iv i t y  east o f ,  rather than west o f ,  Missouri Flats 
(Ba iley, 1977; P i t t ,  1979) suggests tha t accelerated spreading o f  
the Snake River Plain is  occurring between Missouri Flats and the 
Yellowstone Caldera. This has in i t ia te d  a le f t - la te r a l  shear 
couple along the Madison Fault between the Madison and Gravelly 
Range tec ton ic  blocks.
i i
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CHAPTER I 
INTRODUCTION
Purpose and Scope
A geologic and geophysical study o f the upper Madison Valley 
was undertaken to determine the fa u lt in g  h is to ry  o f  the area from 
early  Quaternary time to the present.
I made a geologic map with special a tten tion  given to fa u lts  
and the geologic units associated w ith them. Most o f the geology had 
been previously mapped in  reconnaissance by Christiansen (1978) and 
Weinheimer (1979), but fa u lt in g  was not studied in de ta il during th e ir  
studies. In my study, radiometric age dates (Christiansen and Blank, 
1972; Weinheimer, 1979) and geomorphic re la tionsh ips were used to 
assign maximum ages o f  o f fs e t  to  the fa u lts .
Over eighty g rav ity  observations were added to the ex is t ing  data 
ava ilab le  through Department o f  Defense (1973). With th is  data, an 
estimate o f  the basement rock topography and basin f i l l  depth o f the 
Madison Valley was made.
I set up a network o f  f iv e  seismograph sta tions f o r  nine days to 
record the m icro-se ism ic ity  o f  the study area. The stations were 
placed a t eas ily  accessible points which surrounded the Missouri Flats 
basin (Appendix A). Data from f iv e  U.S.G.S. sta tions in  the Yellow­
stone Park seismic array were also used.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
From the seismic data, epicenters and fa u l t  plane solutions were 
used to aid in  understanding tec ton ic  stresses acting on the area at 
the time o f  the recordings, and the s truc tu ra l se tt ing  a ffe c t in g  basin 
morphology.
Thus, a complete Quaternary fa u lt in g  h is to ry  o f  the area is  pre­
sented which combines geological and geophysical techniques.
Geographic Setting
The area under study l ie s  in the upper Madison Valley w ith in  
la t i tu de s  44°40' and 44°55' and longitudes 111°25' and 111^40' at an 
average elevation o f  2050 m. More prec ise ly , the area is  bounded on 
the north by Squaw Creek, Deer Mountain and Reynolds Pass to the south, 
the West Fork drainage to the west and the Madison Range on the east 
(Fig. 1). The to ta l area is  about 350 km^. The va lley is  accessible 
by s ta te highway 287 and has numerous gravel roads throughout.
Major geographic features include the Madison Range, the canyon 
connecting the Centennial Valley to the Madison Valley, Wade, C l i f f ,  
Hidden and Elk lakes w ith in  the canyon, the Horn Mountains, and 
Missouri Flats upon which the Madison River has produced a conspicuous 
terrace sequence.
Vegetation consists niostly o f  p ra ir ie  grasses and sage brush with 
evergreen timber growing on the north facing slopes and escarpments.
Due to the harsh w in te rs , land use is  re s tr ic te d  to c a t t le  grazing 
and outdoor recreation during the short summer season.
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CHAPTER I I  
GRAVITY MODELING OF THE MADISON VALLEY
A grav ity  survey o f  the Madison Valley was done p r im a r ily  to 
delineate fa u lts  buried by alluvium and to determine the configuration 
o f  the bedrock surface beneath the Cenozoic sediments occupying the 
va lley .
A f te r  inspection o f  the ava ilab le  data in the U.S. Department o f  
Defense g rav ity  f i le s  (Department o f  Defense Gravity Computer F i le ,  
Gravity Services D iv is ion , DMAAL), e igh ty -fo u r new g rav ity  s ta tions 
were established to f i l l  in  areas o f  low s ta tion  density (see Appendix 
I ) .  Twenty-four s ta tions were set up to duplicate the ex is t ing  Defense 
F ile  Stations to make a comparison fo r  accuracy between data.
Gravity Survey Procedures
The survey was done by estab lish ing several base s ta tions between 
Ennis in  the north and C l i f f  Lake in the south. This was necessary 
because o f  the long length o f  the va lle y ,  making i t  impractical to 
return to the same base every three to four hours fo r  instrument and 
diurnal d r i f t .  The base sta tions were located at points o f known e le ­
vation such as road in te rsections and bench marks. A fte r  the survey 
was f in ished , the in te rsec tion  o f Indian Creek and Highway 287 was 
chosen as the main base s ta t io n , and readings a t a l l  other s ites  were 
reduced to g rav ity  differences between the s ites  and the Indian Creek 
base.
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U.S. Geological Survey topographic maps at a scale o f  1:62,500 
were used to determine s ta t ion  location and elevation fo r  th is  survey. 
Gravity was measured w ith a Worden gravimeter with a scale constant o f 
0.0877 m i l l ig a ls  per d iv is io n .  The instrument could be read to 0.01 
m i l l ig a ls .  Where elevations were not given on the maps, an a lt im e te r, 
precise to 5 fe e t,  was used.
Data Reduction
Corrections
Gravity meter readings were corrected fo r  d r i f t  and t id a l  varia­
tions by return ing to the base stations at in te rva ls  o f  about three to 
four hours. D r i f t  was usually less than 0.10 m i l l ig a ls  per in te rv a l.  
A f te r  the observed g rav ity  values were corrected fo r  d r i f t ,  the free 
a i r  and Bouguer corrections were combined using a density o f  2.67 g/cc 
fo r  the Bouguer correction (Burfeind, 1967).
Terrain corrections (Hammer, 1939; B ib le , 1962) were computed fo r  
equally spaced points along the azimuth o f  each p ro f i le  shown on Plate
2. Terrain corrections ranged from a minimum o f  less than 1 m i l l ig a l  
near the center o f  the va lley  to a maximum o f  about 9 m il l ig a ls  next 
to the Madison Range escarpment.
Hammer's (1939) and B ib le 's  (1962) tables were used to ca lculate 
the te r ra in  corrections. Zones E through J were calculated on maps o f 
scale 1:62,500, and zones K through M were calculated on maps o f  scale 
1:250,000. When considered s ig n i f ic a n t ,  values fo r  zones A through D 
were estimated and shown to be generally less than 1 m i l l ig a l .
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The data co llected in my survey were adjusted to be compatible 
w ith  the data ex is t ing  in the U.S. Department o f  Defense f i le s .  This 
t ie d  the data to a base o f  known grav ity  at Butte, Montana. The 
adjustment was done by f i r s t  loca ting  my sta tions which coincided with 
e x is t in g  Defense sta tions. Then the average d ifference between my raw 
g ra v ity  values and the Defense raw grav ity  values was computed and 
added to my data.
Accuracy
The accuracy o f  the Bouguer anomaly values fo r  th is  survey are 
mostly dependent on s ta t ion  e levations, te r ra in  corrections, and ad jus t­
ment o f  my raw data to the U.S. Department o f  Defense g rav ity  f i le s  
raw data. Instrument va r ia t ion  due to temperature changes amounted to 
less than .10 m i l l ig a ls  and errors due to mislocation o f  the sta tions 
Is  considered ne g l ig ib le .
The a lt im e te r showed a maximum d r i f t  o f 100 fee t in two hours.
The instrument was adjusted at a known elevation w ith in  10 minutes 
before and a f te r  a s ta t ion  elevation was determined. The d r i f t  in a 
20 minute in te rva l was generally less than 10 fee t. Thus, the uncer­
ta in ty  in elevation would add a maximum e rro r  o f  about ±1.0 m i l l ig a ls  
fo r  any s ta t ion  based on te r ra in  corrections.
For developing geologic models from g rav ity  data, te r ra in  correc­
ted Bouguer anomalies were determined at equally spaced points along 
each p ro f i le  in  Plate 2. In te rpo la t ion  o f g rav ity  at these points 
probably introduces errors o f about .5 m i l l ig a ls  and don 't exceed 1
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m i l l ig a l .  Terrain corrections tha t were calculated more than once 
showed a precision to w ith in  0.4 m i l l ig a ls  and a l l  are probably deter­
mined to w ith in  1 m i l l ig a l .
As stated e a r l ie r ,  my raw g rav ity  values were adjusted to the 
Defense f i l e  raw g rav ity  values at twenty-four s ta tions. A fte r  the 
adjustment was made, the mean d iffe rence between each set o f raw gra­
v i t y  values was e sse n t ia l ly  zero (-0.03 m i l l ig a ls ) .  The standard 
deviation o f an observation was 0.33 m i l l ig a ls ,  and the standard 
deviation o f the mean was .083 m i l l ig a ls .
Table 1 shows tha t the one standard deviation ( la )  estimate o f 
e rro r  in  the Bouguer anomaly at any s ta t ion  is  less than 1.1 m il l ig a ls ,
Table 1. Estimated Error in Bouguer Anomalies
Probable Error ( lo)
Error Source Estimate (mgals)
Gravimeter temperature varia tions 0.1
A lt im ete r d r i f t 1.0
In te rpo la tion  o f  Bouguer values 
in p ro f i le s  (Plate 2) 0.5
Terrain corrections 0.4
Adjustment o f data to Defense 
f i le s .08
Total Estimated Error (/zo^) 1.1
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Densities o f  L itho log ie  Units
To in te rp re t  g rav ity  anomalies, the densities o f  the country rock 
must be determined (Dobrin, 1976). Error in  the density contrasts o f 
the d i f fe re n t  rock types w i l l  produce errors in the in te rp re ta tions  o f 
depths o f  the va lley f i l l .
Id e a lly  one can measure the densities o f  rock samples from the 
study area, but only the surface rocks can be sampled. This does not 
account fo r  density contrasts o f  sediments a t depth. Therefore, den­
s i t y  contrasts used fo r  s truc tu ra l modeling in  th is  study were based 
on previous density measurements in  the surrounding area by Burfeind 
(1967) and Davis e t a l.  (1965a,b). Precambrian metamorphic rocks, 
the core o f  both the Madison and Gravelly ranges, and which presumably 
underlie the Cenozoic sediments o f  the Madison Valley, were assigned 
an average density o f  2.0 g/cc. The cenozoic sediment and volcanic 
tu f fs  o f  the area were assigned an average density o f  2.3 g/cc. Taking 
the d iffe rence, a density contrast o f  0.5 g/cc resu lts .
Discussion o f  the Bouguer Gravity Map
Steep g rav ity  gradients characterize the Madison Valley w ith 
values up to about 10 m il l ig a ls /km  on both the east and west sides o f 
the va lley (see Plate 2). The Bouguer contour lines generally run 
north to south pa ra l le l to the axis o f the va lley except fo r  a short 
in te rva l ju s t  north o f  45°00' la t i tu d e . Here the contours abruptly 
swing to a northwest trend.
Prominent g rav ity  lows occur a t the north and south ends o f  the 
va lley  w ith the south end revealing an in te re s t in g  s tructure
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incorpora ting a g rav ity  low s t r ik in g  north-south then turn ing  southwest 
w ith  a gradient from 10 to 15 m i l l ig a ls  per kilometer.
Within the Madison Valley, Bouguer anomaly values range from a 
minimum o f  -240 m i l l ig a ls  in  the south to a maximum o f -175 m i l l ig a ls  
in  the northwest part o f  the va lley. The northward increase in g rav ity  
is  probably in  part due to a regional gradient o f  +5 to +10 m i l l ig a ls  
from the south end o f  the va lley to the north end o f  the valley 
(Bonini, e t a l . ,  1973). The g rav ity  lows are a t t r ib u te d  to th ick  
sections o f  Cenozoic sediments.
S tructura l In te rp re ta tions
In order to model the va lley  f i l l  s truc tu re  o f  the Madison Valley, 
i t  was necessary to use a computer program to create two-dimensional 
models o f  the va lley s tructure . A deta iled discussion o f  the modeling 
procedures is  presented in Appendix H.
The Madison Valley is  a s truc tu ra l depression up to 16 kilometers 
wide and 64 kilometers long. Montagne (1960) and Burfeind (1967) sugges­
ted tha t the va lley  is  a t i l t e d  depression dipping to the east.
There is a 35 to 45 m i l l ig a ls  negative anomaly a t the northern 
end o f  the Madison Valley. Analysis o f  p ro f i le s  C-C and D-D' (Figs.
4 and 5) and topography suggests tha t the eastern side o f the basin is  
fa u l t  con tro lled . The western side o f  the basin shows a more gradual 
topographic and g ra v ity  gradient consistent with the t i l t e d  block 
theory. The maximum depth to basement is  approximately 2200 meters at 
section C-C and rises somewhere between sections C-C and D-D' to a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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depth o f  1900 meters. Aeromagnetic data (U.S.G.S., 1975) (Fig. 6) 
shows a magnetic low corresponding to the g rav ity  low o f  cross section 
C-C . This could be due to a th ick  section o f low density, low mag­
ne tic  sediments in the area.
Cross section B-B' (Fig. 3) shows a dramatic change in the depth 
o f  the va lley  re la t iv e  to the depth to the north and south. Here the 
maximum depth to basement reaches approximately 3300 meters. The 
east-west gradient is  about 10 m i l l ig a ls  per kilometer. This suggests 
steeply dipping fa u lts  bound a very deep graben. The reason why the 
d iffe rence in o f fs e t  o f  the basement rock is  a kilometer more than the 
o f fs e t  to the north and south is  not c lear. Inspection o f topography, 
g rav ity  (Plate 2 ), and aeromagnetic data (Fig. 6) shows a possible 
s truc tu ra l lineament trending northeast through th is  part o f  the basin. 
This lineament follows the drainage o f  Indian Creek in the Madison 
Range southwest across the va lley  in to  the Gravelly Range along the 
drainage o f  Ruby Creek (Plate 2). This suggests a possible weak zone 
in  the c ry s ta l l in e  basement which may have been reactivated during 
T e rt ia ry  and Quaternary time, con tr ibu t ing  to the great depth o f the 
basin in th is  area.
Between sections B-B' and A-A ', the g rav ity  gradient decreases, 
and the g rav ity  contours s h i f t  to the southwest,then southeast,before 
turn ing south again (Plate 2). This suggests tha t a general decrease 
in  the basin depth is  occurring to the south w ith an easterly  dipping 
trough in  the basement topography. The decrease in depth is consis­
ten t w ith the contrast in  depth between sections B-B' and A-A'.
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Cross section A-A' (Fig. 2) is  located where the Bouguer contour 
l ine s  s t r ik e  north-south again. A moderately high gradient o f  4 m i l l i ­
gals per kilometer s t i l l  suggests a fau lted  basin with fa u lts  bounding 
both sides o f  the basin.
About 10 km south o f section A-A', the g rav ity  gradient approaches 
10 to  15 m i l l ig a ls  per k ilometer on both sides o f  the basin. This 
gradient suggests a fa u l t  bounded trough ex is ts  in the Missouri Flats 
area. The trough f i r s t  s tr ikes  north then turns to the southwest on 
s t r ik e  w ith the trend o f  C l i f f  and Hidden lakes (see Plate 2). The 
trough becomes less dramatic to the southwest, where i t  merges w ith the 
Centennial Basin. Based on the -35 m i l l ig a l  anomaly and i t s  steep 
gradient, the basement rock could be as deep as 3000 meters, s im i la r  
to the area at section B-B'.
Myers and Hamilton (1964) suggest tha t a northeast-trending graben 
o f  m id-Tertiary age is  located in the area o f  the southern grav ity  
anomaly. They delineate i t  as bounded by the Gravelly Range on the 
northwest and the Horn Mountains on the southeast. Since mid-Ter­
t ia r y  time, graben has been buried by sediments and deformed 
by more recent fa u l t in g  along the Madison and Centennial ranges (Myers 
and Hamilton, 1964). This deformation may be represented by the 
Quaternary o f fs e t  along the C l i f f  Lake and Hidden Lake fa u lts  and 
other associated fa u lts  (see pages 50 through 53).
I t  must be noted that g ra v ity  data is  sparse in the southwest 
part o f the anomaly. The anomaly is  presented w ith a southwest trend
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Figure 6. Aeromagnetic map o f  the upper Madison Valley 
based on U.S. Geological Survey map (1975),
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
17
200
- 2 0 3
-2 5 0
-60
-86
45°00'
250
-200
,-245
44°50
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 8
based on the above geologic re la tionsh ips and the southwest trend o f  
an aeromagnetic low exactly in the area o f  the proposed graben (Fig. 6 ). 
Other in te rp re ta t ion s  are ce r ta in ly  possible, but with the available 
evidence, the above model is considered more probable. No cross sec­
t ion  was made here due to the radical change in s t r ik e  o f  the grav ity  
contours and the general configuration o f  the basin topography. A 
two-dimensional model would not be va lid  in th is  case (see Appendix H).
Based on g rav ity  modeling, the Madison Valley is  a very deep 
(1200-3000 m) s truc tu ra l depression bounded by normal fa u lts  on the 
east and west sides. The basement topography rises and fa l l s  from 
north to south w ith  the deepest depressions o f  about 3000 m occurring 
a t the in te rsec t ion  o f Indian Creek and the Madison River and in 
Missouri F lats. The deep zone at Indian Creek could be related to a 
cross cu tt in g  re la t ionsh ip  between the north trending basin forming 
fa u lts  and a possible northeast trending weakness in the Precambrian 
basement rocks. Towards the southern end o f  the va lley , the defor­
mation becomes more complex based on steep grav ity  gradients and 
recent surface fa u lt in g .
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CHAPTER I I I  
SEISMICITY OF THE UPPER MADISON VALLEY
Introduction
On August 18, 1959, the most intense earthquake ever recorded in 
Montana (magnitude 7.1) occurred near Hebgen Lake. This was the only 
earthquake to cause surface rupture in Montana during h is to r ic  times. 
Since 1959, increased in te re s t  in the Hebgen area has produced numer­
ous theories on the tecton ic  se tt in g  o f  the West Yellowstone, Madison, 
and Centennial basins. This region is  at the in te rsection  o f  the 
north-trend ing Intermountain Seismic Belt and an east-trending seismic 
b e lt  from western Idaho to the Yellowstone caldera (see Fig. 7). 
Loca lly , the Madison Range and Centennial Range normal fa u lts  in te rsec t 
a t a r ig h t  angle in  the Missouri Flats - Henry's Lake area near the 
southern end o f  the Madison Valley.
Seismic studies by Smith e t a l.  (1974), Trimble and Smith (1975), 
and Bailey (1977) reveal a general east-west trend in se ism ic ity  head­
ing west from the Norris geyser basin in Yellowstone Park to the 
southern Gravelly Range. The most seism ica lly  active area is located 
along the north side o f  Hebgen Lake. Generally, seismic a c t iv i ty  
becomes less frequent west o f  Missouri Flats (Bailey, 1977; and P i t t ,  
1979). I recorded the se ism ic ity  o f  the Missouri Flats area (Appendix 
A) to study the earthquake cha rac te r is t ics  o f  the western end o f the 
east-west seismic trend. For data co l le c t io n  procedures and analysis, 
see Appendix B.
19
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Contemporary Seismicity
Of the t h i r t y - s ix  earthquakes recorded by three or more seismic 
s ta t ions  betv/een June 22 and June 30, 1978, 22 have hypocenters located 
in  the Missouri Flats area (Fig. 8 ). Seven o f  the 22 events occurred 
as a swarm during a fourteen-hour period from June 26 at 21:17 U.T. 
to June 27 a t 11:39 U.T. Maximum and minimum ve rt ica l ground motion 
recorded were 0.1 microns and 0.003 microns respective ly a t s ta tion  SLID 
(Appendix A). Approximate magnitudes ranged from-0 .6  to 1 .0 .* Of the 
36 recorded events, the Missouri Flats earthquakes were located very 
accurately because the seismic sta tions surrounded tha t area.
The Missouri Flats earthquakes occur w ith in  a 170 km̂  area and 
are probably re la ted to the grav ity  low shown in Plate 2. Thirteen 
events have hypocenters outside o f  the Missouri Flats array, and fa u l t  
plane solutions were not determined fo r  these events because they had 
poor solutions in  most cases. Two o f  these events are in the southern 
Gravelly Range - Centennial Valley area. These earthquakes could be 
re la ted to smaller fa u lts  a t the southern end o f  the Gravelly Range 
(Ba iley , 1977) and regional t i l t i n g  o f  the area to the south (Honkala, 
1949). Two other events have hypocenters about 20 kilometers north o f 
Missouri F lats. They could be re lated to a set o f  three northwest-
* Magnitudes determined by using (2800 A)/m as the "equivalent" ampli­
tude on a "Wood-Anderson" seismogram. Here A is true ground motion 
in  m il l im e te rs , and M is  the magnification o f the seismograph used. 
The equivalent amplitude was used in R ichter's  (1958) equation fo r  
magni tude.
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trending normal fa u lts  mapped by Sheldon (1960) with a cumulative 
o f fs e t  o f  180 meters in a rh y o l i te  un it ,  north side down (Fig. 8 ).
The remaining seven events have hypocenters to the east o f  Mis­
souri Flats and occur in the east-west seismic zone from Hebgen Lake 
to West Yellowstone (Trimble and Smith, 1975; Bailey, 1977; Smith 
and Lindh, 1978).
Two focal depth cross sections (A-A' and B -B ') were made across 
Missouri Flats (Figs. 9, 10). The dip obtained from composite fa u l t  
plane so lu tion 1 (CFPS 1) (Fig. 11) was superimposed on Figure 9 fo r  
i l lu s t r a t io n .  The cross sections show a general dispersion o f hypo­
centers across Missouri Flats. A depth histogram shows tha t about 
o f the events occurred between depths o f  4 and 10 kilometers (Fig. 12). 
See Appendix B fo r  the general precision o f  each hypocenter.
Cross section A-A' s tr ikes  northeast, perpendicular to the in ­
ferred fa u l t  plane o f  CFPS 1 and section B-B' s tr ikes  northwest appro­
ximately p a ra l le l to i t .  Cross section A-A' (Fig. 9) shows tha t most 
o f  the events from the June 27th swarm tend to f a l l  on the northwest 
s t r ik in g  nodal plane o f  CFPS 1. This suggests tha t the events may be 
occurring along a fa u l t  plane s t r ik in g  northwest. Cross section B-B' 
(Fig. 10) shows tha t the swarm events are more dispersed ho rizon ta l ly  
but are s t i l l  generally located near each other. Section A-A' also 
shows tha t these events occur near the Madison fa u l t  based on the 
loca tion  o f  the fa u l t  scarp a t the surface. Since CFPS 1 has a l e f t  
la te ra l  s t r ik e - s l ip  so lu t io n , th is  type o f  movement could be occurring 
along the Madison fa u lt .
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Earthquake Characteris tics
In the Missouri Flats area, good hypocenter locations allowed the 
computation o f  four composite fa u l t  plane solutions (CFPS) using data 
from f iv e  portable seismograph sta tions and selected stations from the 
U.S.G.S. network. These solutions were p lo tted  on lower-hemisphere 
equal area pro jections shown in Figure 12. Earthquakes used fo r  each 
CFPS were chosen on the basis o f  th e i r  re la t iv e  loca tion , focal depth, 
and q u a l i ty  (see Appendix B). Only d ire c t  a r r iv a ls  were used.
CFPS 1 (Fig. 11) was computed using a swarm o f seven events which 
occurred from June 26-27 and two events which occurred on June 22 and 
25, 1978. One nodal plane s tr ikes  N48°W with a 90*̂  dip to the surface 
and shows le f t - la t e r a l  movement (Fig. 11). CFPS 2 was obtained from 
four events occurring from June 26 through June 28. I t  has a nodal 
plane s t r ik in g  N10°W and dips 80^E (Fig. 11). The N10°W trending nodal 
plane o f  CFPS 2 s tr ikes  p a ra l le l to the Madison fa u l t  and also shows 
le f t - la t e r a l  movement consistent with the nodal plane mentioned fo r  
CFPS 1. Although e a r l ie r  fa u l t  plane studies by Bailey (1977) and 
geomorphic evidence from the Madison fa u l t  scarp i t s e l f  suggests normal 
movement (west side down) along the Madison fa u l t ,  I suggest tha t the 
le f t - la t e r a l  movement on the northwest s t r ik in g  nodal planes o f  CFPS 1 
and 2 could be fa u l t  planes re la ted to le f t - la t e r a l  movement along the 
Madison fa u l t .
In 1964, there was a magnitude 5.8 earthquake in the Madison 
Valley which showed a fa u l t  plane so lu tion  s t r ik e - s l ip  pattern with 
the le f t - la t e r a l  plane s t r ik in g  northwest (Smith and Sbar, 1974; and
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Smith and Lindh, 1977). The s t r ik e - s l ip  movement revealed by CFPS 1 
and 2 is  consistent w ith a north-south d irec t ion  o f  least p r inc ipa l 
stress (tensional axis) shown on fa u l t  plane solutions to the east 
from Hebgen Lake to the Norris Geyser Basin {Bailey, 1977). Because 
the proposed fa u l t  plane o f  CFPS 2 p a ra lle ls  the Madison fa u l t  scarp, 
the le f t - la t e r a l  movement could be occurring along the Madison fa u lt .  
The le f t - la t e r a l  movement on the northwest s t r ik in g  proposed fa u l t  
plane o f  CFPS 1 could be due to second order shearing at an acute angle 
to the Madison f a u l t  (Fig. 13) (McKinstry, 1953).
CFPS 3 was computed using four events from June 22 through June 
25, 197B. One nodal plane s tr ike s  N58°W and dips 80°NE. The s t r ik e  
p a ra l le ls  the s t r ik e  o f  the fa u l t  suggested by the steep Bouguer anom­
a ly  gradients on the northwest side o f Missouri Flats (Plate 2). For 
th is  reason, th is  nodal plane was picked as the fa u l t  plane. Also, 
there ex is ts  no geologic evidence fo r  a shallow th ru s t fa u l t  corres­
ponding to the other nodal plane (Fig. 12). The s t r ik e  and dip o f  the 
in fe rre d  fa u l t  plane, i t s  normal sense o f  movement, and i t s  re la t ion  
to the northwest trending g rav ity  anomaly suggest tha t normal fa u lt in g  
is  occurring along the west side o f  the Upper Madison Valley. Movement 
along the northwest s t r ik in g  fa u l t  plane would be normal, northeast 
side down.
CFPS 4 (Fig. 12) was computed from only two events occurring on 
June 25, 1978. These two events are located on the northwest side o f  
Missouri Flats. With depths o f  8.2 km and 13.3 km, they are among the
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Figure 13. Second order shear model fo r  CFPS 1 and 2 
(modified a f te r  McKinstry, 1953).
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deepest events recorded during the en tire  period tha t the array was 
recording. Unlike the other CFPS, CFPS 4 shows a northwest-southeast 
tension axis.
Since the g rav ity  data suggests the in te rsection o f  at least two 
fa u lts  in Missouri Flats (Plate 2), and geomorphic evidence reveals 
the Madison Fault and several other Quaternary fa u lts  (Plate 1), i t  
seems qu ite  l i k e ly  tha t the rock underlying Missouri Flats would be 
very fractured. McKenzie (1969) suggests tha t in  th is  type o f  s truc­
tu ra l se t t in g ,  small magnitude earthquakes (Mjç2 ) can occur on weak 
planes ra ther than b r i t t l e  fa i lu re  o f new rock. He fu r the r suggests 
tha t th is  could cause deviations in  T or P-axes* o f  up to ±45° from 
th e ir  true d irec tions . This type o f  s itu a t io n  might be ju s t  the case 
fo r  Missouri Flats since the T axes fo r  a l l  four CFPS vary from north­
west-southeast to northeast-southwest. Thus a l l  the CFPS could be 
caused by the same stress system w ith  a general north-south tension 
axis.
Contemporary Tectonics
Based on composite fa u l t  plane solutions (CFPS) fo r  Missouri 
F la ts , i t  is obvious tha t there is no consistent CFPS fo r  the area.
To the west and east o f  Missouri F la ts , fa u l t  plane solutions show a
*P axis: axis o f  maximum p r in c ip le  stress determined from P wave
f i r s t  motions.
T ax is : axis o f  minimum p r in c ip le  stress determined from P wave
f i r s t  motions.
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a T-axis generally s t r ik in g  north-south with consistent normal fa u l t ­
ing (Smith, e t a l . ,  1974; Trimble and Smith, 1975; and Bailey, 1977). 
Also, seismic a c t iv i t y  is  re la t iv e ly  less to the west o f  Missouri 
Flats than to the east.
Smith (1978) suggests tha t the volcanism in  the Snake River Plain 
is  re la ted to a northeast propagating crusta l r i f t  zone related to a 
transgressing melting anomaly now a t Yellowstone Park. Based on the 
rates o f  se ism ic ity , perhaps the rate o f  tecton ic r i f t i n g  near Yellow­
stone is  fas te r  than to the west o f  Missouri Flats.
Trimble and Smith (1975) suggest tha t the Madison Fault, now 
in t im a te ly  involved w ith north-south extensional tecton ics, was pro­
duced by east-west extensional tectonics during T ert ia ry  time. As 
mentioned e a r l ie r ,  CFPS 1 and 2 suggests a pattern which f i t s  a l e f t -  
la te ra l shear model (Fig. 13). Based on th is  evidence, I suggest that 
the Madison Range Fault is  now acting as an in c ip ie n t  le f t - la te r a l  
transform fa u l t  between two tecton ic  blocks, the Gravelly Range to the 
west, and the Madison Range to the east. Although both blocks may be 
moving north, the accelerated movement o f  the Madison block should 
produce a le f t - la te r a l  shear couple (see Fig. 14).
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Figure 14. Tectonic model fo r  d i f fe re n t ia l  spreading rates 
o f the Snake River Plain showing le f t - la te r a l  
re la t iv e  movement along the Madison fa u l t .  Length 
o f arrows corresponds to proposed rates o f  movement.
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CHAPTER IV
GEOLOGIC SETTING OF THE UPPER MADISON VALLEY
Precambrian Metamorphic Rocks
Precambrian rocks o f pre-Belt age outcrop along the eastern and 
southern portions o f the study area. Along the Madison Range escarp­
ment, quartzose and fe ldspath ic  gneiss is  abundant with some hornblende 
and amphibolite gneiss present.
Dolomite, probably o f the Cherry Creek Formation (Peale, 1896), 
outcrops in the Madison Range south o f the Madison River Canyon and 
in  the Horn Mountains south o f Missouri F lats. The dolomite is  usually 
recrys ta l 1ized , fo lded, and medium grained (Witkind, e t a l . ,  1964).
In the same areas as the dolomite occurrences, a b io t i te  quartz- 
mica sch is t is  also common.
Late T e r t ia ry  or Early Pleistocene Sediments
Late T e rt ia ry  or early  Pleistocene stream deposits outcrop at 
the base o f the c l i f f s  l in in g  the east side of C l i f f  Lake, along the 
toe o f the landslides at C l i f f  and Hidden lakes, and at the base of 
the small conical is land in C l i f f  Lake (Mansfield, 1911). S im ilar 
deposits outcrop beneath the Huckleberry Ridge t u f f  along the escarp­
ment bordering the east side o f the Madison River between Papoose and 
Curlew creeks. Here the maximum thickness (about 100 in) o f th is  un it  
is  exposed w ith no ind ica tion  o f  a basal contact.
34
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A l l  the deposits are unconsolidated with small rounded boulders 
and cobbles up to 1 /2  m in  diameter in a matrix o f sand and s i l t .
A l l  the deposits have a s im i la r  c la s t  l i th o lo g y  o f Precambrian gneiss, 
q u a rtz ite  and sch is t except tha t the deposits along the Madison River 
include Paleozoic sandstone clasts and at the lakes contain c lasts of 
Precambrian dolomite. Montagne (1960) has suggested tha t the deposits 
along the Madison River beneath the Huckleberry Ridge Tuff are early 
Pleistocene g lac ia l outwash. I f  so, the deposits at C l i f f  Lake should 
co rre la te  with the Madison River deposits because they also underlie 
the Huckleberry Ridge T u ff.
Pliocene(?) Basalt
Columnar jo in te d  Pliocene(?) basalt outcrops at the southern end of 
Elk Lake (W itkind, 1976). The basalt is  30 to 40 meters th ick , dark 
gray to black, non-porphyrit ic , and f in e  grained with abundant grains 
of clinopyroxene, some o l iv in e ,  and a few grains o f magnetite (Witkind, 
1976). I t  is overla in  by the Huckleberry Ridge Tu ff and probably over­
l ie s  T e rt ia ry  sediments in th is  area.
Conant Creek Tu ff
Conant Creek t u f f  occurs from the southern end of C l i f f  Lake Bench, 
southwest through the Hidden Lake area to Elk Lake (Christiansen, 1979; 
Chris tian and Love, 1978). This 75-lOOm th ick  un it  was id e n t i f ie d  
as Huckleberry Ridge T u ff  by Weinheimer (1979) based on pétrographie 
s im i la r i t ie s  and radiometric dates. However, th is  comparison was
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made in  the upper u n it  o f two volcanic units separated by an unconfor­
m ity . While Weinheimer's u n it  above the unconformity is  proven 
Huckleberry Ridge T u f f ,  the u n it  below the unconformity resembles the 
Conant Creek T u ff.
Christiansen and Love (1978) described the Conant Creek Tu ff as 
" r h y o l i t i c ,  mainly welded, gray to purplish gray where fresh, and 
generally has sparce phenocrysts". I t  also generally has a layer of 
porous gray glass to black obsidian at the base and commonly has 
spherical l i thophysa l ca v it ie s .
The Conant Creek Tu ff is  of Pliocene age and has been dated by the 
K-Ar method at 5.78 + 0.08 m.y. and by the f is s io n  track method a t 
4.2 + 0.7 m.y. (Christiansen and Love, 1978).
jR id g ^JW f
The Huckleberry Ridge T u ff occurs throughout the western h a lf  o f 
the study area. In the southwestern pa rt,  i t  unconformably overlies 
the Conant Creek Tu ff.  I t  also overlies Precambrian rocks around the 
Horn Mountains in topographic low areas. Everywhere to the north of 
the occurrence o f the Conant Creek T u ff,  i t  unconformably overlies 
a l lu v ia l  sediments o f la te  T e r t ia ry  or early  Pleistocene age. Measured 
sections by Weinheimer (1979) show the Huckleberry Ridge Tuff to be 
about 100 m th ick  a t C l i f f  Lake, th inning northward to about 30 m 
a t Curlew Creek.
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The Huckleberry Ridge Tu ff is  r h y o l i t i c ,  generally welded, gray 
to tan where fresh , and is  moderately p o rp h y r i t ic . The upper layers 
weather to a conspicuous l ig h t  pink. Pumice fragments are common 
throughout and ind iv idua l pebble inclusions occur in the basal layers. 
The Huckleberry Ridge Tu ff has a K-Ar date of 2.0 m.y. (Christiansen 
and Blank, 1972).
Mesa Fal l s  Tu ff
The Mesa Falls T u ff  outcrops around the western end o f the Horn 
in  the central part of the study area (Plate 2). I t  overlies Pre­
cambrian rocks on the flanks o f the Horn, the Huckleberry Ridge Tuff 
southwest o f  the Horn, and Quaternary stream deposits on the north side 
o f the Horn. Here the t u f f  is  about 50 meters th ick  and consists of a 
lower and upper u n i t .  The lower u n it  is a purplish phenocryst-rich 
(50%), w e ld e d ,ry o l i t ic  t u f f .  Phenocrysts include sanadine and quartz. 
Stretched pumice fragments are also common. The upper u n it  is  a very 
f in e  grained l ig h t  pink to l ig h t  grey welded t u f f .  Phenocrysts comprise 
only 5% of the rock but they are s im i la r  to those of the lower u n it .  
Loca lly , columnar jo in t in g  occurs in the upper u n it .
The Mesa Falls Tu ff  has been dated by the K-Ar method as 1.2 m.y. 
old (Christiansen and Blank, 1972).
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Quaternary Sedimentary Deposits
Bull Lake Moraines
A Bull Lake age moraine was deposited by a g lac ie r which occupied 
the canyon o f Papoose Creek. The moraine extends about 2 km west of 
the Madison Range onto the high t i l t e d  bench east of the Madison River. 
The moraine has a smooth rounded surface w ith f i l l e d  ke tt les  and sub­
dued knobs typ ica l o f Bull Lake moraines o f the northern Rocky 
Mountains (Kno ll,  1977). The moraine overlies the Huckleberry Ridge 
T u ff  which forms the s truc tu ra l surface o f the t i l t e d  bench.
The Bull Lake g lac ia t ion  has been dated in  West Yellowstone area 
by obsidian hydration techniques ca lib ra ted  by K-Ar dating as about 
140,000 years o ld. This would corre la te  w ith the la te  I l l io n ia n  g la ­
c ia l  age of the mid-continent (Preece et a l . ,  1976).
Pinedale Moraines
The Pinedale moraines o f the study area are steep sided and sharp 
crested with fresh knob and k e t t le  topography. The s u r f ic ia l  boulders 
are rounded, unweathered, and range in  size from 12 to 4 m in diameter, 
Pinedale moraines were deposited a t the mouths of four canyons 
o f the Madison Range w ith in  the study area. North of the Madison 
River they occur on Papoose Creek and Deadman Creek.
A narrow spur ly ing  ob lique ly  to the range f ro n t  at Papoose 
Creek deflected the Pinedale g lac ie r  to the north. A la te ra l moraine
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mantles the spur and a terminal moraine was deposited around the
2
north end of the spur as a piedmont lobe about 2.5 km in area. The 
spur, 200 m high and probably bedrock cored, has a notch in i t  where 
the range f ro n t  f a u l t  passes through i t .  A small lobe of the g lac ie r 
passed through th is  notch and deposited a small morainal complex to the 
south along the fa u l t  scarp. These deposits have been o ffse t by more 
recent movement along the scarp (Alden, 1953) (see page 44).
The morainal complex at the mouth of Deadman Creek is not as
extensive as a t Papoose Creek, but i t  does have a massive la te ra l and 
terminal moraine about 150 meters high. The moraine is  heavily vege­
tated and does not show any obvious ve rt ica l o ffse t due to recent 
fa u lt in g  along the range fro n t.
South of the Madison River, a small terminal moraine was deposited
at about 2100 m elevation in  the f i r s t  canyon north o f L i t t l e  Mile
Creek (sec. 24, T12S, R2E). Below th is  moraine, dead ice l e f t  hummucky, 
unstructured p ile s  of d r i f t  down the canyon and barely out in f ro n t of 
the range f ro n t .  In f ro n t  of the dead ice d r i f t ,  a mud flow presumably 
in i t ia te d  by melting ice , spread out on the a l lu v ia l  surface o f Mis­
souri F la ts . A 15 to 20 meter high fa u l t  scarp cuts across the d r i f t  
a t the canyon mouth.
Farther south, a la te ra l moraine was deposited on the south side 
o f Mile Creek a t the range fro n t.  The moraine is about 150 meters 
high and displays a scarp suggesting v e r t ic a l o f fs e t  along a fa u l t .
This is  not conclusive, however, because there is  no obvious scarp on 
s t r ik e  d i re c t ly  to the north or south of the moraine.
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Pinedale terminal moraines have been dated by obsidian hydration 
techniques tha t were ca lib ra ted by K-Ar dating as about 30,000 years 
old (Pierce et a l . ,  1975).
Landslides
Several landslide deposits occur w ith in  the canyon tha t connects
the Centennial Valley to the Madison Valley from Elk Lake north to the
confluence of the West Fork and the Madison River. These landslides
have p a r t ia l ly  blocked the northward drainage of th is  canyon, forming
Elk, Hidden, C l i f f  and Wade lakes (Mansfield, 1911). The canyon follows
the trace o f a series o f fa u lts  which v e r t ic a l ly  o f fse t  the Conant
Creek and Huckleberry Ridge tu f fs  by an estimated 70 meters, west side
down. S im ila r ve r t ic a l o f fs e t  occurs along the lower West Fork Valley
and the Madison River to the north (Pardee, 1950).
The fa u lt in g  t i l t e d  the rh y o l i te  surface along the southern flanks
of the Gravelly Range to an estimated average angle of 6° to the east
(see Figure 15). As a re s u lt ,  the rh y o l i te  tu f fs  on the west side of
the canyon s lu ffed  o f f  of the underlying gravel deposits, damming the
canyon drainage and forming the lakes.
Hidden Lake and three other small ponds are ac tua lly  nestled in
debris from a large landslide w ith in  the canyon. This landslide, the
2
la rgest in  the area, covers about 4 km . I t  also blocks the northward 
drainage of Elk Lake causing i t  to drain southward to the Centennial Basin.
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Hidden, C l i f f ,  and Wade lakes drain underground beneath the land­
s lides as indicated by the large springs on the north side of each 
landslide {Mansfield, 1911).
Another landslide developed at the north end o f Wade Lake Bench 
between the West Fork and the Madison River. I t  is  composed o f blocks 
o f Huckleberry Ridge Tu ff and is  a good example of a ro ta tiona l s lide . 
Several blocks w ith in  the rh y o l i te  t u f f  rotated downward along arcuate 
s l ip  planes in a stepwise fashion to the east.
I t  seems reasonable to assume tha t the landslides were earthquake 
tr iggered s im i la r  to the 1959 landslide in  the Madison River Canyon.
Each s l id e  dammed a stream or r iv e r  and each s lide  has debris e ithe r 
pushed or carried by momentum up the opposite wall o f the canyon in ­
d ica ting  rapid and large movements such as the 1959 landslide. Today 
each s l id e  is  well vegetated with trees and shrubs ind icating s ta b i l i t y  
w ith in  the landslide deposits.
Two people were k i l le d  by cascading rh y o l i te  boulders at Wade Lake 
during the 1959 earthquake. Cracks in the ground behind the c l i f f s  
o f the rh y o l i te  rimmed canyon and boulders pinned behind trees on the 
c l i f f s  a t te s t  to the fa c t  tha t sections of the c l i f f s  peel o f f ,  possibly 
during earthquakes.
Undiffe rentia ted Quaternary Sediments
Quaternary a l lu v ia l  fan deposits, colluvium, and g lac ia l outwash 
were u n d iffe ren t ia ted . The a l lu v ia l  fan spreading west and northwest
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from the Madison Range across Missouri Flats developed p r io r  to and 
during Pinedale time because Pinedale age moraines res t on i t s  surface.
I t  has since been cut by the Madison River and creeks from the range 
f ro n t .  The Madison River cut f iv e  scarps forming s ix terraced surfaces 
w ith in  th is  fan (see Plate 1). The lowest terrace is  the present day 
flood p la in  and the upper terrace is  the Pinedale fan surface. The 
terrace scarps reveal tha t the fan is  composed o f g lac ia l outwash with 
boulders up to f iv e  meters in  diameter in  a matrix o f cobbles, sand, 
and s i l t .  G lacial outwash also mantles part of the high surface north 
of the Madison River where i t  overlies the eastward dipping Huckleberry 
Ridge T u ff.
A layer of l ig h t  to dark brown loess, about 1.5 m th ick , covers most 
o f the study area. In roadcuts, the loess commonly shows a convoluted 
caliche base w ith boulders, cobbles, and pebbles from 1 m to 1 cm in 
diameter f lo a t in g  w ith in  and on the surface of the loess. Evidently 
f r o s t  heaving took place d is to r t in g  the caliche base and heaving the 
large c lasts  to the surface.
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CHAPTER V
FAULTING IN THE UPPER MADISON VALLEY 
The Madison Range F a u lt , A Deta iled Description
The Madison Range fa u l t  scarp borders the en t ire  eastern margin 
of the study area (see Plate 1). The scarp w ith in  the study area 
represents about 18 km o f the 65 km trace along the range fro n t.  I 
w i l l  discuss the fa u l t  from north to south.
Just north of Papoose Creek, the recent fa u l t  scarp crosses 
colluvium on the f ro n t  slope o f the Madison Range. The scarp proceeds 
south w ith a f a i r l y  constant slope angle of about 30° and a height of 
about 6 m. A small gulch ju s t  north o f the Papoose Creek moraine is  
v e r t ic a l ly  o f fs e t  with very minor headward erosion.
Before the scarp crosses the north side o f the moraine at Papoose 
Creek, i t  splays in to  two segments. One segment fa in t ly  courses south­
east along the range f ro n t  and then south across the moraine and the 
other trends d i re c t ly  south across the moraine. Each segment shows 
about 4 m to 5 m of v e r t ic a l o f fs e t  w ith a 30° slope angle u n t i l  they 
converge at the base o f the southern la te ra l moraine. There, the two 
scarps combine and double the to ta l ve r t ic a l o f fs e t  to 10 m. The 
scarp then cuts through a notch in the moraine and v e r t ic a l ly  o ffsets 
a sublobe of the Papoose Creek moraine 10 meters (see discussion of 
Pinedale Moraines, Chapter I I ) .  Several very large trees on the scarp
44
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are t i l t e d  or have acute angle bends in  th e ir  trunks uroarently caused 
by movement along the scarp during the l i f e  o f the tree, m tree on 
the scarp was cored in Ju ly , 1978, and showed an age of 115 years.
Between Papoose Creek and Curlew Creek, the fa u l t  displays an 
en-echelon pattern of three segments, each stepping westward about 10 m 
as the f a u l t  continues southward. This scarp has slopes from 20° to 
30° with exposed roots o f trees sporadica lly occurring a t the top of 
the scarp. On the north side o f Curlew Creek there is  a warm spring 
t r ic k l in g  from the base of the scarp.
South of Curlew Creek, the scarp continues up the drainage o f Dead­
man Creek but does not o f fs e t  the Deadman Creek moraine. On the south 
side o f the creek, a spur o f the range f ro n t  extends southwest in to  the 
va lle y . The scarp trace is  fa in t  on the south side o f the spur and then 
becomes more prominent as i t  hugs the rangefront southeast to the Madison 
River. The scarp along th is  section reaches a height o f  about 30 m 
(see Figure 16). The scarp on the south side o f the Deadman Creek 
spur is  an en-echelon stepout o f the scarp about 1 km to the southwest.
Just south of the Madison R iver, the fa u l t  scarp crosses an 
a l lu v ia l  p la in  and a r iv e r  terrace escarpment. The fa u l t  scarp is 
about 6 meters high and based on the o f fse t  parts o f the terrace 
escarpment, i t  shows no horizontal displacement (Pardee, 1950). The 
scarp continues southward to Sheep Creek, cu tt ing  a th in  mantle of 
colluvium along the range f ro n t  where i t  crosses an a l lu v ia l  fan with
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4 6
a v e r t ic a l  o f fs e t  of 12 meters. South of Sheep Creek, the fa u l t  o ffsets 
colluvium and ta lus and follows the steeply dipping range f ro n t.
About 2 1/2 km south of Sheep Creek, there are discontinuous 
f a u l t  breaks from the 1959 earthquake (Meyers and Hamilton, 1964). The 
1 m high breaks have a slope o f about 60°, length from 10 m to 50 m, 
and occur w ith in  an in d is t in c t  portion of the range fro n t fa u l t  scarp.
The scarp then crosses the g lac ia l d r i f t  a t the mouth of the canyon 
ju s t  north of L i t t l e  Mile Creek where the d r i f t  is  o f fs e t  about 20 m 
v e r t ic a l l y ,  w ith a slope o f about 30°. Between th is  unnamed canyon 
and L i t t l e  Mile Creek, the scarp r ises high above the alluvium cutt ing  
Precambrian rock and has a height of more than 30 meters and a slope of 
up to 45° (Pardee, 1950). At L i t t l e  Mile Creek, the scarp v e r t ic a l ly  
o ffse ts  the apex o f an a l lu v ia l  fan 10 m. The creek has cut headward 
only about 10 m and cascades down the scarp face of poorly sorted 
alluvium with boulders up to 2 m in diameter.
South of L i t t l e  Mile Creek, the scarp shows 1 m high 1959 breaks 
s im i la r  to those described e a r l ie r  (see Figure 17). The scarp height 
is  about 15 m with an average slope o f about 35°. Continuing southward 
the scarp dies out in the canyon of Mile Creek, but numerous springs 
on the north side of the canyon suggest tha t the fa u l t  extends to the 
head o f Mile Creek.
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Detailed P ro f i les  o f the Madison Fault Scarp
A deta iled p ro f i le  (Figure 16) of the Madison fa u l t  scarp made 
on July n ,  1978 by Dr. Robert Wallace, Dr, Robert Curry, and myself 
shows several breaks in  slope o f the scarp i t s e l f .  The slope break 
segments could represent ind iv idua l earthquake events. The steeper 
the segment, the more recent the break.
Inspection of a p ro f i le  by Dr. Wallace, where a break from the 
1959 earthquake e x is ts ,  shows an actual example of a "composite event 
scarp". Several breaks in slope e x is t  w ith  the 1959 break being the 
steepest (Figure 17).
This evidence suggests tha t the Madison fa u l t  scarp was developed
by cumulative displacements o f about a meter or more through time.
Varying to ta l  heights in  the scarp could represent varying amounts of 
displacement fo r  each event. More l i k e ly  i t  represents a varying 
amount o f the " to ta l "  number o f ground breakage events fo r  d i f fe re n t  
segments of the scarp.
Wallace (1978) found tha t the slope angle o f the 1959 Hebgen 
fa u l t  scarp reduced from an average of 70° to 80° in 1959 to an average 
o f 40° in 1978. This implies tha t small segments o f the Madison scarp 
w ith slopes in  the range of 35° to 40° are displacements not more
than a couple hundred years o ld.
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(Wallace,  1979).
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Figure 17. P ro f i le  o f  the Madison fa u l t  scarp where re­
activated in 1959. Location is 300 m south 
o f  L i t t l e  Mile Creek, north edge o f  sec. 25, 
T. 12 S ., R. 2 E. Vertica l scale equals hor­
izontal scale (Wallace, 1979).
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Quaternary Faulting West o f the Madison Range
The canyon now occupied by Elk, Hidden, C l i f f ,  and Wade lakes 
represents an abandoned, fa u l t  con tro lled drainage connecting the 
Centennial and Madison va lleys. The canyon once drained a la te  
Pleistocene g lac ia l lake (Red Rock Lakes are now remnants) tha t existed 
in  the Centennial Valley (Honkala, 1949; Meyers and Hamilton, 1964). 
Reasons fo r  abandonment of the drainage fo r  another a t the west end of
the Centennial Valley are s t i l l  unclear but are probably in  part or
wholly re la ted  to:
1) landslides w ith in  the abandoned northward drainage which 
dammed i t ;
2) deformation due to fa u lt in g  a t the present o u t le t  at
the west end o f the Centennial Valley (Meyers and
Hamilton, 1964); and
3) possible u p l i f t  o f the Elk Lake area re la t iv e  to the Cen­
tennia l Basin as suggested by folded fresh water limestone 
beds ju s t  to the west of the Elk Lake o u t le t  (Witkind, 1976).
Faulting along the trend of the canyon marks the.southeast boundary 
of the Gravelly Range and could be re lated to u p l i f t  o f that part of 
the range or to a pre -ex is ting  graben suggested by g rav ity  and aero- 
magnetic data (see Chapter I I ) .  Between Elk Lake and C l i f f  Lake, 
drainage to the northeast is  con tro lled by two fa u l ts ,  one marked by 
the canyon connecting the two lakes and another along the Spring 
Branch drainage. These two fa u lts  w i l l  be referred to as the Hidden 
Lake f a u l t  and the Spring Branch fa u l t  (see Plate 1). The Hidden Lake
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fa u l t  is  about 10 km long w ith an estimated v e r t ic a l o f fse t  of 70 m 
down on the west, in  the Conant Creek and Huckleberry Ridge Tuffs.
The Spring Branch fa u l t  has a maximum estimated ve rt ica l o f fse t  of 
40 m in the Huckleberry Ridge T u ff  near C l i f f  Lake. This o f fs e t  tapers 
down to the south where the fa u l t  dies out at Deer Mountain. A r iv e r  
terrace in  Missouri F lats on s t r ik e  w ith the fa u l t  suggests tha t i t  may 
continue in to  tha t area.
Hidden Lake Bench, situated between the Hidden Lake and Spring 
Branch fa u lts  is  t i l t e d  6° to the southeast. D if fe re n t ia l t i l t i n g  w ith in  
the bench has produced a northwest trending graben nearly perpendicular 
to the Hidden Lake fa u l t .  The fa u lts  bounding the grabens have a 
maximum ve r t ic a l o f fs e t  o f about 50 meters on the west side of the bench. 
Fault scarps slope angles range from 25° to 35°. The fa u lts  taper 
down to the southeast and end a t  or near the Spring Branch fa u l t .
The southern area of C l i f f  Lake is  made up o f three arms. Between 
the western and middle arms is  a small northern extension of the Hidden 
Lake Bench. This extension is  fa u l t  bounded on the west by a small 
f a u l t  about 2 km long s t r ik in g  north and on the east in part by the 
Spring Branch fa u l t .  I t  is  also t i l t e d  to the east w ith a s im ila r  s ty le  
o f graben topography as described fo r  the main part o f Hidden Lake Bench.
From the northern h a lf  o f C l i f f  Lake to Smith Lake, the fa u l t  
con tro lled  drainage takes a s t r ik e  o f about N30°W. This section o f the 
canyon traces the C l i f f  Lake f a u l t  (Pardee, 1950). Fault o f fs e t  amounts 
to about 60 meters, west side down. Wade Lake Bench borders the canyon
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on the east and C l i f f  Lake Bench borders on the west. Both benches 
have an average dip o f  6° to the east. Minor normal fa u lt in g  w ith in  
C l i f f  Lake Bench p a ra l le ls  the C l i f f  Lake fa u lt .  These fau lts  l in e  
the drainages o f Jackpine Gulch and Well Gulch (Weinheimer, 1979).
Eastward o f  Wade Lake, a graben developed in Wade Lake Bench 
w ith  a width o f  about 2 km. The fau lts  bounding the graben extend 
3 km to 4 km along a s t r ik e  o f N65°W. Their maximum ve rt ica l o f fse t 
reaches 60 meters to the west end. The o f fs e t  tapers down to the 
east to ve r t ica l o f fs e t  o f  20 to 30 meters. Another fa u l t ,  possibly 
an eastern extension o f  the south side o f  the graben, o ffsets the 
Mesa Falls T u ff  along Horn Creek. Movement along the fa u l t  is  v e r t i ­
ca l,  down an estimated 10 to 20 m, on the north side.
An arcuate r iv e r  terrace escarpment cuts southwest across Mis­
souri Flats from the Madison River in to  the previously described 
graben area. Flood scour channels in the Mesa Falls Tu ff w ith in  the 
terrace (sec. 17, 18, T12S, R2E), stream channels heading west through 
the graben toward C l i f f  Lake (Meyers and Hamilton, 1964), and stream 
gravels in  road cuts along the road descending to C l i f f  Lake a l l  sug­
gest tha t the Madison River once flowed through the graben in to  the 
canyon and out the West Fork canyon. Thus, while Wade Lake Bench was 
being t i l t e d  to the east, the area w ith in  the graben must have remained 
near leve l.  The escarpment o f the r iv e r  terrace cuts the a l lu v ia l  fan 
surface o f  Pinedale age. Therefore, the Madison River must have 
flowed through the graben w ith in  the la s t  33,000 years. Since tha t
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time, fu r th e r  subsidence o f  f lissouri Flats has t i l t e d  the basin and 
Wade Lake Bench (inc lud ing  i t s  graben) about 6° to the east and north­
east, pushing the course o f  the Madison River towards the Madison 
Range. Six r iv e r  terraces cut by the r iv e r ,  (each younger to the 
northeast, see Plate 1) record th is  t i l t i n g  (Meyers and Hamilton,
1964). During the 1959 earthquake, 2 m o f  subsidence was recorded 
along the west side o f  the Madison fa u l t  south o f  the Madison River 
(Fraser, e t a l . ,  1964) in d ica t in g  tha t the Missouri Flats Basin is 
s t i l l  a c t ive ly  subsiding.
In the north part o f  the study area, on the east side o f  the 
Madison R iver,the Huckleberry Ridge Tuff was t i l t e d  3° east toward the 
Madison Range. As the bench subsided along the Madison fa u l t ,  th is  
caused subsidary normal fa u lt in g  along the east side o f the bench 
where ve r t ica l movement and erosion by the Madison River has l e f t  a 
70 meter escarpment. Papoose and Curlew creeks cut deep gorges through 
the bench in response to the eastward t i l t i n g  and minor normal fa u lt in g  
developed pa ra lle l to the escarpment to the west.
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CHAPTER VI 
GEOLOGIC HISTORY AND CONCLUSIONS
During mid to la te  T e rt ia ry  time, east-west extensional tectonics 
produced north-northwest trending normal fau lts  in  southwest Montana. 
This deformation produced the Madison Valley graben situated between 
the Gravelly Range on the west and the Madison Range on the east 
(Meyers and Hamilton, 1964). Based on grav ity  modeling, the maximum 
depth o f  basin f i l l  in  the va lley reaches about 3,300 m near Indian 
Creek. This marks a northeast-trending lineament across the valley 
based on topography, g ra v ity , and aeromagnetic data. North o f  Indian 
Creek, the subdued topography o f  the Gravelly Range and grav ity  model­
ing suggest tha t the va lley comprises a t i l t e d  block, downfaulted along 
the Madison Range and t i l t e d  toward the east. To the south o f Indian 
Creek, g rav ity  modeling and surface fa u lt in g  on both sides o f  
the va lley  (Sheldon, 1960; Weinheimer, 1979) suggests that the basin 
fa u lts  bound on the east and west sides o f  the basin w ith a steeper 
escarpment against the Madison Range. In the Missouri Flats area, 
g ra v ity  modeling, aeromagnetic data, and the geology suggest complica­
ted s truc ture  in the basin. Steep grav ity  and aeromagnetic gradients 
show the north-south s t r ik in g  trough o f  the Madison Valley in te rsecting  
a northeast s t r ik in g  trough to the southwest. This trough follows the 
trend o f  the quaternary rh y o l i te  and alluvium between the Precambrian 
rocks o f  the Horn Mountains and the Gravelly Range. Faulting along
54
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the Hidden and C l i f f  Lake fa u lts  also follows the southeast boundary 
o f  th is  trend. Meyers and Hamilton (1964) suggest tha t the possible 
northeast trending fa u l t  basin developed p r io r  to deformation along 
the Madison fa u l t  and tha t both the Madison and Centennial valleys 
truncate the basin. Since rocks o f  the same age outcrop w ith in  the 
area o f  the proposed northeast trending graben and the Madison Valley 
and geophysical data do not ind icate  a truncating re la t ionsh ip , I sug­
gest tha t the proposed basin developed contemporaneously with the 
Madison Valley, probably during la te  T e rt ia ry  time. Thus, both basins 
could be considered as one, trending northeast from the Centennial 
Valley and then north-northwest from Missouri Flats.
Since la te  T e rt ia ry  time, basin f i l l i n g  and normal fa u lt in g  has 
continued. During the Pliocene, basalt, probably o r ig ina t in g  from 
Black Butte in  the Gravelly Range (Weinheimer, 1979), was deposited 
along the southwest flanks o f  the Madison Valley and remains today as 
small erosional remnants. Then the 5 m.y. old Conant Creek Tu ff,  
o r ig in a t in g  somewhere in the Snake River Plain (Christiansen and Love, 
1978) covered much o f  the study area.
A b r ie f  period o f  erosion and possible g lac ia tion preceded 2.0 
m.y. old Huckleberry Ridge Tuff. This Pleistocene volcanic u n it ,  
o r ig in a t in g  in the Yellowstone or Island Park calderas, probably 
covered most or a l l  o f  the southern Madison Valley. I t  unconformably 
ove rlies  the Conant Creek T u ff,  Pliocene(?) basalt and alluvium o f  
possible g lac ia l o r ig in .  A f te r  the c ry s ta l l iz a t io n  o f  the Huckleberry
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Ridge T u ff ,  continued u p l i f t  o f the Madison Range, in i t ia t io n  o f  u p l i f t  
o f  the Centennial Range, and fa u lt in g  along the C l i f f  and Hidden Lake 
fa u lts  o f fs e t  the rh y o l i te  t u f f  up to 60 m and t i l t e d  i t  6° to the 
east and northeast. During th is  period, the 1.2 m.y. o ld Mesa Falls 
T u ff  was deposited in  low ly in g  areas o f  Missouri Flats. Since then, 
fa u l t in g  along Horn Creek has o f fs e t  the Mesa Falls T u ff  10 m to 20 m.
During mid-Pleistocene time, pre-Bull Lake g lac ia tion  in the 
Madison Range (Weinheimer, 1979) and the Centennial Range (Witkind, 
1976) covered the Missouri Flats area with g lac ia l outwash and t i l l ,  
and a g lac ia l lake formed in the Centennial Valley (Honkala, 1949; 
Hamilton and Meyers, 1964). The lake, seeking an o u t le t ,  flowed north 
in to  the Madison Valley along the trace o f  the Hidden and C l i f f  Lake 
fa u lts  in i t i a t i n g  the erosion o f  the present day canyon. Repeated 
g lac ia t ions  during the Bull Lake and Pinedale stades continued to 
erode the canyon and deposit outwash in  Missouri Flats. Once erosion 
cut through the t i l t e d  rh y o l i te  and in to  the T e rt ia ry  and Quaternary 
a lluvium, the east facing c l i f f s  o f  the canyon became unstable. 
Landslides, possibly ca tas troph ica lly  earthquake triggered, then s l id  
in to  the canyon forming the lakes tha t now occupy i t .  This may be the 
cause o f  the diversion o f  the drainage o f  the Centennial Valley from 
north to west.
Since the Pinedale g la c ia t io n , about 33,000 years ago, the Madison 
River has cut a series o f  f iv e  terrace escarpments in the Pinedale 
outwash surface o f  Missouri F lats. The uppermost escarpment shows that
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the r iv e r  once flowed through the previously level graben f lo o r  on 
Wade Lake Bench in to  the canyon now occupied by C l i f f  and Wade lakes. 
Since then, t i l t i n g  o f  the Missouri Flats area toward the northeast 
has reversed the drainage w ith in  the graben and diverted the course 
o f  the Madison River northeast toward the Madison Range. Each terrace 
escarpment may record an earthquake event which downdropped the Mis­
souri Flats Basin, t i l t i n g  i t  northeast along the Madison Fault.
Each event might also be recorded by the subtle changes o f  slope 
w ith in  the Madison Range fa u l t  scarp.
Today fa u l t  plane solutions from microearthquakes and other h is to r ic  
large earthquakes suggest an east-west trending tensional r i f t  system from 
the Yellowstone Caldera to western Idaho in  the form o f the Snake River 
downwarp. Microearthquake data from th is  study and a h is to ry  o f  more 
earthquake a c t iv i t y  east o f  ra ther than west o f  Missouri F lats, suggest 
tha t accelerated spreading is occurring along the Snake River Plain 
between Missouri Flats and the Yellowstone caldera. This has estab­
lished  a shear couple along the Madison Range Fault. The shear couple 
is  re f lec ted  in the northwest s t r ik in g  l e f t  la te ra l motion shown in  
composite fa u l t  plane solutions in the Missouri Flats Basin.
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APPENDIX B 
Seismic Data Collection
Five portable high gain seismographs were operated from June 22 
to June 30, 1978 fo r  the Missouri Flats survey. For sta tion locations, 
see Appendices A and F. Sprengnether microearthquake recorders with 
displacement magnification ranging from 4.7 x 10^ to 3.8 x 10  ̂ at 
1 hz and 5.0 x 10^ to 4.0 x 10^ at 5 hz
and v e r t ic a l seismometers were used during the en tire  survey. Record­
ing was on smoked paper and time was synchronized with WWV. The record­
ing rate was 1 mm/sec. which l im ite d  the accuracy o f measured a rr iva l 
times fo r  P waves to ± O.I seconds.
U.S. Geological Survey data fo r  the same dates was also used.
Six sta tions (see Appendices A and F) east o f  Hebgen Lake recorded 
events on FH magnetic tape. The events were played back at a rate o f 
12.14 mm/sec. l im i t in g  the accuracy to about ± 0.01 seconds. These 
s ta tions  mostly recorded events east o f Missouri Flats.
A f iv e  layer ve lo c ity  model fo r  the Madison-Centennial area 
developed by Bailey (1977) was used to calculate hypocenters fo r  a l l  
o f  the events recorded (Appendix C). This model was used in the 
computer program HYPO 71 (Lee and Lahr, 1972) to compute the f in a l 
hypocenters. An average Vp/Vg ra t io  o f  1.64 fo r  the 36 events recorded 
was used in the program.
63
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
64
I t  was assumed tha t hypocenters w ith an associated root mean 
square (RMS) e rro r  o f  an observation o f  .15 seconds were well re­
solved. Approximately 70% o f the hypocenters f e l l  w ith in  th is  range 
and 81% had associated RMS values o f  less than 0.3 seconds. Events 
used in the composite fa u l t  plane solutions usually had RMS values 
below 0.2 seconds. Events w ith RMS values above 0.5 seconds were 
not used (Appendix E).
For the 22 events which occurred in  Missouri F la ts , the estimated 
mean horizontal e rro r  on hypocenter locations was ±1 .9km with a standard 
deviation o f  1.7 km. The estimated mean ve rt ica l e rro r was ± 2 .1  km 
with a standard deviation o f  1.2 km.
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V e loc ity  model fo r  hypocenter determinations (a f te r  Bailey, 1977)
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APPENDIX D
Data fo r  Composite Fault Plane Solutions-
CFPS
1
2
3
Primary Nodal Plane 
Azimuth/Dip
M48°W/90°
N10°W/80°E
N58°W/80°NE
N 5°W/74°E
Nodal Plane 2 
Azimuth/Dip
N 4 2 °E /^
'M0°E/80°SSE
N32°W/10°SW
N85°E/5°S
^All CFPS are located in  Missouri Flats
- I t  is  unclear which nodal plane is  the primary fa u l t  plane fo r  
CFPS 4
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APPENDIX E
Earthquake Events used in Composite Fault Plane Solutions
Composite Fault Plane Solution 1
Location 
Latitude Longitude Depth (km)
Date
yr-mo-da
44.852 111.467 6.80 78-06-22
44.843 111.462 8.42 78-06-25
44.843 111.485 5.99 78-06-26
44.823 111.485 3.87 78-06-27
44.831 111.487 6.24 78-06-27
44.836 111.496 5.31 78-06-27
44.856 111.520 4.60 78-06-27
44.840 111.496 5.83 78-06-27
44.876 111.510 7.00 78-06-27
RMS (sec) 
0.16 
0.47 
0.11 
0.31 
0.10 
0.10 
0.09 
0.09  
0.12
Composite Fault Plane Solution 2
Location 
Latitude Longitude
44.818
44.808
44.813
44.828
111.553
111.549
111.541
111.492
Depth (km)
5.00
5.00 
7.45 
6.20
Date
yr-mo-da
78-06-26
78-06-27
78-06-28
78-06-28
RMS (sec) 
0.35 
0.10 
0.14 
0.00
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APPENDIX E (continued)
Composite Fault Plane Solution 3
Location Date
Latitude Longitude Depth (km) yr-mo-da RMS (sec)
44.797 111.474 9.07 78-06-22 0.12
44.796 111.505 5.00 78-06-22 0.12
44.858 111.478 5.32 78-06-24 0.02
44.872 111.450 6.50 78-06-25 0.13
Composite Fault Plane Solution 4
Location Date
Latitude Longitude Depth (km) yr-mo-da RMS (sec)
44.855 111.559 8.21 78-06-24 0.25
44.837 111.538 13.26 78-06-24 0.16
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APPENDIX F
Univers ity  o f  Montana and U.S.6 .S. Seismic Station Locations 
Un ivers ity  o f  Montana Stations
Station Lati tude Longitude
SLID 44.830 111.430
DEAD 44.869 111.517
ANTE 44.718 111.490
MOOS 44.964 111.608
CLIP 44.782 111.563
U.S.G.S. Stations
s ta t io n Latitude
YPGC 44.762 111.106
YPHR 44.852 111.316
YPDC 44.709 111.240
YPWY 44.606 111.097
Y PMC 44.759 111.006
YPBB 45.029 111.117
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APPENDIX G
L is t  o f  June, 1978 Southern Madison Valley Earthquakes
No. Date Time Latitude Longitude
Focal
Depth
1 780622 0435 55.03 44.797 111.474 9.07
2 780622 1341 06.46 44.796 111.505 5.00
3 780622 2144 13.34 44.852 111.467 6.80
4 780624 0538 06.02 44.855 111.559 8.21
*5 780624 0640 02.99 44.881 111.448 0.85
6 780624 1348 56.04 44.837 111.538 13.26
7 780624 1405 28.13 44.862 111.566 4.54
8 780624 1949 02.52 44.858 111.478 5.32
*9 780625 0223 51.68 44.728 111.875 13.95
10 780625 2009 32.20 44.843 111.462 8.42
*11 780625 2157 43.88 45.140 111.874 0.30
12 780625 2303 32.34 44.872 111.450 6.50
13 780626 0027 22.89 44.818 111.553 5.00
14 780626 0252 46.28 44.800 111.441 5.79
*15 780626 0518 34.44 44.707 111.120 13.45
*15 780626 0705 59.62 44.773 111.035 20.50
*17 780626 0759 00.83 44.793 111.095 21.24
*18 780626 2002 14.18 44.818 110.883 0.52
19 780626 2117 48.58 44.843 111.485 5.99
*20 780626 2315 50.36 44.955 111.097
3.00
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APPENDIX G (continued)
No. Date Time Latitude Longitude
Focal
Depth
21 780627 0040 11.02 44.823 111.485 3.87
22 780627 0046 08.08 44.831 111.487 6.24
23 780627 0107 45.98 44.836 111.496 5.31
24 780627 0109 19.11 44.856 111.520 4.60
25 780627 0743 35.69 44.840 111.496 5.83
26 780627 1139 39.02 44.876 111.510 7.00
27 780627 1357 53.39 44.808 111.549 5.00
*28 780627 2218 48.09 45.132 111.970 7.72
29 780628 0000 05.72 44.813 111.541 7.45
*30 780628 0027 55.13 44.639 112.064 0.54
31 780628 0644 16.44 44.828 111.492 6.20
*32 780628 1253 16.34 44.730 111.243 12.84
*33 780629 0526 02.67 44.687 110.984 10.80
34 780630 0251 50.49 44.818 111.520 15.00
*35 780630 1011 41.29 44.744 110.865 5.00
*36 780630 1350 05.25 44.772 111.277 1.03
*1ocated outside o f  Missouri Flats
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APPENDIX H 
COMPUTER MODELING OF GRAVITY DATA
A two-dimensional computer program by Talwani, e t a l.  (1959) was 
used to model the s tructure  o f  the Madison Valley. For convenience 
and e f f ic ie n c y ,  the program was run on a D ig ita l GT40 TV screen p lo t­
te r .  The program approximates the periphery o f any two dimensional 
body by constructing a polygon with a s u f f ic ie n t  number o f  sides to 
coincide w ith the shape o f the body. The program then calculates the 
ve r t ic a l component o f  the g rav ita t iona l a ttra c t io n  due to the polygon 
a t any given po in t. The program plots seventeen equally spaced data 
points across the cross section. This does not allow fo r  a very de­
ta i le d  approximation o f  the shape o f  the sedimentary body. Therefore, 
the number o f  sides o f  the polygon approximating the shape o f  the sedi­
mentary body was kept to a maximum o f  about seven. To elim inate the 
g ra v ita t io n a l e ffec ts  o f  geologic bodies other than valley f i l l  sedi­
ments, the perpendicular distance between the l in e  o f the cross section 
and side or end o f  the va lley was kept greater than the length o f  the 
cross section. In a l l  cases, the two dimensional c r i te r io n  was met 
except at the easternmost part o f section A-A'. The s tructura l models 
were determined by repeatedly changing the slope o f the p ro f i le  o f  the 
va lley  u n t i l  the computed g rav ity  anomaly was to w ith in  .5 mi H i  gals 
agreement w ith the observed anomaly. The density contrast between the 
basement rock and va lley  f i l l  used throughout the model analysis was 
0.5 g/cc.
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The in te rp re ta t ions  presented here are not the only in te rp re ta ­
t ions possible. The models are kept simple since there is  an in f in i te  
va r ie ty  o f  possible subsurface density combinations. Also, modeling 
the eastern edge o f the v a l le y 's  s truc tu re , e.g. the Madison Range 
f a u l t ,  is  questionable because there are v i r t u a l ly  no gravity  sta­
t ions w ith in  the rugged Madison Range.
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APPENDIX I
Bouquer Anomaly Values
Values are re la t iv e  to a base o f  known g rav ity  at Butte, Montana, as 
explained in {Chapter 2). *Denotes a s ta t ion  coinciding to an e x is t­
ing s ta t ion  in  the Defense Department g rav ity  f i le s .
Bouguer
Elevation Anomaly
Station Latitude Lonaitude (meters) (mqals)
Base (57) N45.10 W i l l . 65 1672.4 -218.60
1 44.785 111.564 1929.4 -233.79
2 44.794 111.564 1924.2 -234.01
3 44.799 111.556 1947.6 -234.71
4 44.800 111.549 2002.5 -232.15
5* 44.801 111.528 1916.9 -219.38
6* 44.814 111.525 1908.9 -213.50
7 44.830 111.519 1853.2 -215.89
8 44.831 111.513 1853.2 -215.28
9 44.838 111.508 1877.6 -217.40
10 44.833 111.487 1883.7 -213.69
11 44.716 111.491 2142.7 -192.36
12 44.723 111.471 2065.6 -197.09
14* 44.770 111.526 1924.2 -203.69
15* 44.763 111.537 1924.2 -203.72
16 44.785 111.524 1950.7 -209.81
17 44.709 111.497 2105.9 -188.89
18 44.693 111.509 2039.1 -186.93
19 44.692 111.521 2042.2 -186.94
20 44.679 111.537 2192.7 -184.28
21 44.675 111.541 2165.6 -184.94
22 44.681 111.562 2170.2 -186.99
23 44.683 111.571 2218.9 -185.40
24 44.675 111.586 2249.4 -185.56
25 44.676 111.601 2228.1 -183.72
26 44.629 111.333 2011.7 -202.26
27 44.642 111.336 2013.2 -196.24
28 44.657 111.358 2020.2 -189.85
29 44.669 111.398 1983.9 -199.60
30 44.680 111.427 2006.2 -199.04
31 44.694 111.449 2034.5 -196.27
32 44.711 111.468 2083.0 -196.62
33 44.761 111.467 2037.6
-200.78
34
35
44.785 111.474 1986.7 -203.86
44.815 111.479 1906.5 -217.13
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APPENDIX I (continued)
ation Latitude Longitude
Elevation
(meters)
Bouguer
Anomaly
(mqals)
36* 44.827 111.457 1891.3 -208.61
37 44.830 111.428 1981.2 -205.29
38 44.855 111.387 1950.7 -202.85
39 44.862 111.367 1976.6 -202.32
40 44.867 111.362 1999.5 -196.59
41 44.865 111.334 1996.4 -200.96
42 44.869 111.517 2045.8 -222.27
43 44.869 111.528 1980.3 -224.41
44 44.794 111.557 1924.2 -234.01
45* 44.960 111.624 1758.7 -227.47
46 45.006 111.648 1778.5 -225.24
47* 45.043 111.646 1749.5 -225.96
48 45.043 111.616 1790.7 -230.87
49 45.058 111.616 1747.1 -231.38
50 45.072 111.616 1740.1 -228.36
51* 45.087 111.616 1745.6 -227.69
52 45.087 111.595 1781.3 -229.97
53* 45.094 111.585 1813.9 -224.31
54 45.105 111.578 1814.8 -215.84
55 45.102 111.564 1839.5 -214.23
56 45.101 111.561 1853.2 -214.70
58 45.098 111.660 1668.8 -209.52
49 45.090 111.678 1710.8 -201.75
60* 45.087 111.699 1746.8 -191.66
61 45.076 111.721 1807.5 -190.26
62 45.350 111.727 1505.4 -187.09
63 45.350 111.705 1504.2 -194.83
64* 45.350 111.689 1504.5 -200.08
65* 45.350 111.658 1597.2 -204.34
66 45.350 111.638 1621.5 -204.04
67 45.350 111.617 1654.5 -199.17
68* 45.350 111.596 1684.9 -192.47
69 45.357 111.586 1659.6 -190.44
70 45.355 111.562 1713.0 -194.80
71* 45.353 111.548 1752.9 -190.26
72 45.348 111.529 1786.1 -189.94
73 45.328 111.740 1525.8 -189.37
74 45.320 111.760 1578.9 - 188.25
75 45.319 111.781 1609.3 -181.42
76 45.319 111.821 1760.2 -174.83
77 45.318 111.853 2106.5 -182.86
78 45.291 111.883 2052.8 -175.02
79 45.444 111.731 1495.0 -196.46
80 45.445 111.759 1539.2 -190.84
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APPENDIX I (continued)
Station Lati tude Longitude
Elevation
(meters)
Bouguer
Anomaly
(mqals)
81* 45.444 111.782 1579.2 -184.62
82 45.448 111.802 1644.1 -186.17
83 45.448 111.829 1757.2 -186.92
84 45.442 111.721 1487.4 -197.86
87 45.246 111.678 1606.9 -213.32
88* 45.232 111.678 1618.5 -214.25
89 45.234 111.636 1681.0 -212.13
90* 45.232 111.648 1642.6 -216.82
91 45.232 111.636 1681.9 -212.88
92 45.232 111.616 1770.6 -206.82
93* 45.233 111.706 1617.3 -207.37
94* 45.227 111.718 1617.0 -204.12
95 45.231 111.740 1569.7 -197.14
96* 45.234 111.762 1585.0 -187.53
97 45.210 111.761 1608.7 -190.52
98* 45.193 111.798 1729.7 -187.86
99* 45.175 111.803 1934.0 -186.19
100 45.043 111.698 1780.0 -202.39
101 45.057 111.668 1690.1 -211.74
102 45.029 111.698 1784.0 -204.28
103 45.029 111.698 1822.7 -213.16
104 44.984 111.668 1823.3 -221.35
105 44.999 111.670 1782.2 -221.73
106* 44.969 111.586 1937.9 -226.26
107 44.960 111.579 1938.5 -228.86
108* 44.955 111.555 2056.5 -223.90
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